Surface plasmon resonance measurements were used for detecting and quantifying protein-protein interactions between the tumorsuppressor protein p53, the SV40 large T antigen (T-ag), the cellular DNA polymerase aprimase complex (pol-prim) , respectively. Complex formation was also observed with a p180/p68 heterodimer, and again with a binding constant similar. Hence, there was no synergistic eect when p53 bound to higher order complexes of polprim. A truncated form of p53, consisting of amino acids 1 ± 320, bound pol-prim by four orders of magnitude less eciently. Therefore, an intact C-terminus of p53 seems to be important for ecient binding to pol-prim. It was also tried to measure complex formation between p53, pol-prim, and T-ag. However there was no evidence for the existence of a ternary complex consisting of T-ag, pol-prim, and p53.
Introduction
The tumor suppressor protein p53 is involved in many cellular responses to DNA damage and other genotoxic stress. Thus, it is a key element in maintaining genomic stability (see e.g. Agarwal et al., 1998; Ko and Prives, 1996; Levine, 1997) . As a transcription factor it leads to the expression of the cell cycle inhibitor p21 CIP1, WAF1 which in turn halts growing cells before the beginning of S-phase. Furthermore, p21 CIP1,WAF1 stalls ongoing replication forks by interacting with the proliferating cell nuclear antigen (PCNA), i.e., the processivity factor of the cellular replicative DNA polymerases d and e (Cox and . By interacting with the DNA helicases XPB and XPD p53 might initiate apoptosis (Boulikas, 1996; Wang and Harris, 1997; Warbrick, 1996) . p53 also recognizes DNA bulges caused by misalignments (Lee et al., 1995) and nucleotide excision repair intermediates generated by UV-or alkylation-damage (Jayaraman and Prives, 1995) . Therefore, p53 might play a direct role in DNA repair (Ford and Hanawalt, 1997) .
For most of these functions p53 has to physically interact with other proteins or protein complexes. The relative strengths of these interactions, and in many cases, the biological function (s) have not yet been elucidated. The stable interaction of p53 with the paradigmatic eukaryotic DNA helicase, i.e., the SV40 large tumor antigen (T-ag), led to the discovery of p53 (Lane and Crawford, 1979; Linzer and Levine, 1979) . Another interaction with a replication factor, namely the cellular single-stranded DNA binding protein RPA, was shown qualitatively by anity chromatography and immunoprecipitation (Dutta et al., 1993; He et al., 1993; Li and Botchan, 1993) , but the function of this interaction is not yet clear.
The eukaryotic DNA polymerase a-primase complex, T-ag, and RPA all interact with each other by forming physical contacts (Collins et al., 1993; Dornreiter et al., 1990 Dornreiter et al., , 1992 Melendy and Stillman, 1993) . p53 binds both T-ag and RPA, and at least for the latter case it has been postulated that a p536RPA complex may recruit pol-prim to the cellular replication initiation complex (He et al., 1993) . In agreement with such a postulate, p53 has been found in pol-prim containing replicative foci of virus-infected cells (Fortunato and Spector, 1998; Wilcock and Lane, 1991) . Moreover, when T-ag is in a molar excess over p53 and pol-prim, a trimeric complex consisting of p53, T-ag, and pol-prim can be formed (Gannon and Lane, 1987) . Therefore, we asked whether at all and to what extent p53 might bind directly to pol-prim, both in the absence and presence of T-ag. To obtain qualitative and quantitative binding data for p53's interactions with other proteins thought to be involved in DNA replication, we employed Biomolecular Interaction Analysis (BIA), a method that is based on the physical principle of surface plasmon resonance.
Results

Complex formation between p53 and SV40 T antigen
Complex formation between p53 and SV40 T-ag was measured after immobilizing T-ag onto the surface of the sensor chip, by both the chemical coupling procedure recommended by the manufacturer and by binding T-ag via the T-ag speci®c monoclonal antibody (Table 1) . A C-terminally deleted form of p53 protein that consisted of amino acids 1 ± 320 (p53 1 ± 320 ) bound T-ag considerably more weakly, yielding a K A value of 2610 6 M
71
. The core-deleted form p53 1 ± 110/280 ± 390 as well as the C-terminal fragment p53 320 ± 390 displayed nonspeci®c binding to the control cell devoid of immobilized T-ag. Therefore, we were not able to quantify the binding of these fragments.
Quanti®cation of complex formation between RPA and p53
The binding of p53 to RPA was also only detected in the presence of Mg 2+ and when p53 served as soluble analyte. Here, we observed the phenomenon that chemically coupled RPA was inactive with regard to its p53 binding properties. (Table 2) . Possibly, the binding of p53 to the p70 subunit of RPA was sterically hindered by the polyclonal antibody used for immobilization.
Complex formation between p53 and the human DNA polymerase a-primase complex Complex formation between p53 and DNA polymerase a was analysed with the heterotetramer p180/p68/p58/ p48, the heterodimer p180/p68, and the individual subunits p180 and p68. The latter subunits were thiolcoupled, while pol-prim complexes could be immobilized by absorption to the sensor chip at pH 4. Without 
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, while binding to the chemically coupled individual subunits p180 and p68 was not detected (Table 3 (Table 3 ). When the heterotetramer or the heterodimer of polprim were immobilized via the monoclonal antibody SJK132-20, nearly identical binding constants were obtained (data not shown). Also, we did not observe a dierent binding of p53 to baculovirus-expressed recombinant pol-prim or pol-prim that was isolated from calf thymus (data not shown). Binding could be always described by the simple bimolecular mechanism A + B = AB. Interactions between pol-prim and p53 were also observed when p53 served as the immobilized ligand. With p180 or tetrameric pol-prim nearly identical binding constants in the order of 2610 8 M
were observed (Table 4) . Surprisingly, Mg 2+ had no in¯uence on the apparent binding constants when p53 was immobilized (Table 4) .
To ®nd out which domain of the p53 molecule is involved in contact formation we measured the interactions of truncated forms of p53 with various forms of pol-prim. In the presence of Mg , respectively (Table  5) . Therefore, an intact C-terminal domain considerably stabilized the binding of p53 to pol-prim.
Complex formation between pol-prim, and a preformed p53-SV40 large T antigen complex Since protein-protein interactions between T-ag and p53, T-ag and pol-prim, and under certain conditions even between p53, T-ag, and pol-prim are well documented, it was interesting to know how these interactions might in¯uence each other. Therefore, 0 to Table 1 Interaction between immobilized SV40 T-ag and various forms of soluble p53 non-speci®c binding p53 320 ± 390 non-speci®c binding All measurements were done in the presence of 10 mM Mg
2+
. Mean of at least six independent determinations is given in which s designates the error as the average deviation from the mean All measurements were performed in the presence of 10 mM MgCl 2 and repeated six times. pcab-p11 and pcab-p70 stand for polyclonal antibodies directed against the p11 and the p70 subunit of RPA, respectively
Complex formation between p53 and DNA polymerase a C Ku Èhn et al 50 nM hexameric T-ag were preincubated with 5 nM tetrameric p53 for 1 h at 08C. The preformed complexes were used to measure binding to immobilized pol-prim. The resulting mass increase of p53/T-ag binding to immobilized pol-prim was compared to the mass increase caused by T-ag that had not been incubated with p53. As expected, complex formation between T-ag and pol-prim was concentration dependent, giving rise to a steady increase of bound complex when the concentration of T-ag was increased (Figure 1 , open bars). However, the addition of preincubated T-ag/p53 mixtures gave a lower mass increase than T-ag alone ( Figure 1 , closed bars). With no T-ag present the observed mass increase was solely due to 5 nM p53. With increasing concentrations of T-ag, the mass increase due to p53 was diminished, suggesting that the preformed p53/T-ag-complex was not able to bind to immobilized pol-prim. At equimolar concentrations of p53 and T-ag the mass increase was minimal. With Tag in excess of p53, there was a net mass increase most likely caused by the binding of free T-ag to pol-prim. Unexpectedly, even at a tenfold molar excess of T-ag over p53 the observed binding signal was lower than expected, suggesting that substoichiometric amounts of p53 were able to hide T-ag's binding site(s) for pol-prim. From these results we conclude that pol-prim's interaction with p53 was inhibited by T-ag, and vice versa. All experiments done so far point to a mutually exclusive mechanism for complex formation between pol-prim and either T-ag or p53.
Discussion
Complex formation between highly puri®ed p53 and SV40 T-ag was readily detected by BIA but required the presence of a divalent cation. Another group also noticed that complex formation between these proteins required divalent metal ions, notably Zn 2+ and other Mean of at least six independent determinations is given in which s designates the error as the average deviation from the mean. Where indicated, 10 mM Mg 2+ was present in the binding buer. pol-prim designates the four-subunit DNA polymerase a-primase complex Mean of at least six independent determinations is given in which s designates the error as the average deviation from the mean Table 5 Interaction between the thiol-coupled p68 and p180 subunits of pol-prim and intact and a C-terminally deleted form of p53 . Mean of at least six independent determinations is given in which s designates the error as the average deviation from the mean Figure 1 Inhibition of the pol-prim6T-ag interaction by p53 and of the pol-prim6p53 interaction by T-ag. 5610
79 M p53 were preincubated with the indicated amount of T-ag for 1 h at 08C in binding buer containing 10 mM Mg
2+
. The mass increase resulting from a 4 min injection of the preincubated complex (closed bars) was compared with that of T-ag alone (open bars) or p53 alone (hatched bar) transition metal ions (Kernohan et al., 1996) were determined. The ecient binding of p53 to RPA, T-ag, and to pol-prim may point to a functional role of p53 in DNA synthesis.
As a novel ®nding we show here that p53 alone, i.e., not in a complex with T-ag, binds to the cellular DNA polymerase a-primase complex. In the presence of divalent cations p53 interacted very strongly with polprim with a calculated binding constant in the order of 10 10 M
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. p53 bound with comparable anities to the tetrameric pol-prim complex, the heterodimer p180/ p68, and the individual subunits p180 and p68. Hence, there was no apparent synergy of p53 binding to either of the subunits of pol-prim. Similarly, T-ag also bound to both the p180 and the p68 subunit of pol-prim (Collins et al., 1993; Dornreiter et al., 1990) , and again, with no apparent cooperative eect (KuÈ hn, Weisshart, Nasheuer and Grosse, submitted for publication). Therefore, it might be concluded that p53, like the SV40 T-ag, attaches to a binding pocket that is formed by the largest and the second largest subunit of the polprim complex.
To further con®ne the domain(s) that interacted with pol-prim, we used truncated forms of p53 and tested their binding to the pol-prim complex. p53 1 ± 320 interacted with both p180 and/or p68, but in this case with an anity that was reduced by four orders of magnitude. Thus, it is likely that C-terminally deleted forms of p53 are no longer able to bind pol-prim complexes when both components are present at rather low concentrations, e.g., in the living cell. It is too early to draw any conclusion from this, but C-terminally deleted forms of p53 bind DNA in a sequence-speci®c manner and are not inhibited by the presence of nonspeci®c DNA (Anderson et al., 1997) . Therefore, it is possible that a stress-induced C-terminal modi®cation might release p53 from a pol-prim complex and convert it into an activated transcription factor.
It has been described that p53 and pol-prim compete for binding to T-ag Lane, 1987, 1990 ). Here we show that T-ag and p53 also compete for binding to pol-prim. An analyte mixture of T-ag and p53 led to a signi®cant lower binding signal with immobilized pol-prim as the same amount of T-ag alone or p53 alone. This result is also in agreement with the model that p53 inhibits SV40 DNA replication because it hinders ori-bound T-ag to attract pol-prim for the initiation reaction (Braithwaite et al., 1987; Gannon and Lane, 1990) . However, since the K A value for p53 binding to pol-prim was about two orders of magnitude higher than that for p53 binding to T-ag, it was expected that p53 should bind to immobilized polprim despite the presence of T-ag. This was not the case and the apparent contradicition might be resolved by two assumptions. Either the binding reaction is kinetically controlled, with little in¯uence of the thermodynamics once a T-ag6p53 complex has been formed, or T-ag binding to p53 was underestimated by our attempts to prevent self-aggregation of p53. The ®nding that a preformed T-ag6p53 complex does not bind to pol-prim supports the view that the corresponding binding sites of T-ag and p53 are hidden in a p536T-ag complex. It is known that Tag's amino acids 131 ± 517 bind both T-ag and polprim (Schmieg and Simmons, 1988) . Hence, if T-ag is bound to p53 its anity for pol-prim should be diminished.
Recently, we learned that the N-terminal acidic domain of p53 is able to stimulate the ®ring of cellular origins of replication (Li et al., 1998) . Since pol-prim is thought to be necessary for initiating leading strand synthesis at replication origins it is tempting to speculate that a p536pol-prim complex might ful®l this task. This is corroborated by the high apparent binding constant of complex formation between polprim and p53. In this respect it should be also mentioned that the recently found 3'-5'-exonuclease of p53 (Mummenbrauer et al., 1996) could contribute an error-correcting proofreading activity to the postulated p536pol-prim complex that might yield a much more accurate replicase.
On the other hand, the measured binding constant of 10 10 M 71 raises the question why p536pol-prim complexes have not yet been observed, either by immunological means or by purifying a corresponding replicase. But pol-prim has been frequently puri®ed from cells that either have only low amounts of p53, e.g., HeLa, KB, or 293 cells, or might contain p53 bound to T-ag, e.g., COS cells. Also, because of the rather small amounts of intracellular p53 and a relatively high amount of pol-prim possible p53-containing pol-prim complexes might have been overlooked. Furthermore, it is likely that complex formation with pol-prim occurs only under certain intracellular conditions, e.g., at ®red origins of DNA replication and/or at speci®c phases of the cell cycle. On the other hand, by testing co-immuno-precipitations of pol-prim and p53 with several cell lines, complex formation could readily be detected in cells that produce large amounts of p53 (I Dornreiter, personal communcation). Certainly, further experiments are required to prove that p53 forms a complex with pol-prim under in vivo conditions. Nevertheless, the study of protein6protein interactions with a new biophysical approach led to some exiting new ideas that might broaden our understanding on p53's role in the cell.
Materials and methods
Proteins
DNA polymerase a-primase and the two large subunits thereof were overproduced by infection of High ®ve insect cells (Invitrogen, Heidelberg) with the appropriate recombinant baculoviruses (Stadlbauer et al., 1994 (Stadlbauer et al., , 1996 . p180-containing pol-prim complexes and free p180 were puri®ed with monoclonal antibody columns directed to p180 and subsequent alkaline elution (Stadlbauer et al., 1994) . Murine p53 and truncated forms thereof were also overproduced by infection of High ®ve cells or alternatively Sf9 insect cells with the appropriate recombinant baculoviruses (Wang et al., 1993) . p53 and its fragments were puri®ed via their N-terminal His 6 -tags and metal chelate chromatography (Hochuli et al., 1987) using Talon columns (Clontech, Heidelberg). SV40 T-antigen was puri®ed from recombinant baculovirus-infected insect cells by anity chromatography on a PAb101 monoclonal antibody column (Moare® et al., 1993) . Heterotrimeric RPA was overexpressed in bacteria and puri®ed as described (Henricksen et al., 1994) . Both, T-ag and RPA were kindly provided to us by K Weisshart, IMB Jena. All proteins used, either as ligand or analyte, were of at least 90% homogeneity (data not shown).
Biomolecular interaction analysis
The BIAcore 2000 apparatus, the carboxylated dextrancoated sensor chip CM5, surfactant P20, 2-(2-pyridinyldithio)ethaneamine, and the amine coupling kit containing N-hydroxysuccinimide, N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide and ethanolamine hydrochloride were purchased from BIAcore AB (Freiburg, Germany). Amine and thiol coupling was performed according to the recommended immobilization procedures of the manufacturer. Usually, about 1000 ± 2000 relative resonance units (RU) were immobilized. Remaining reactive groups were inactivated either with 1 M ethanolamine, pH 8.5, for amine coupling, or with 50 mM cysteine, 1 M NaCl in 0.1 M sodium formate, pH 4.3, for thiol coupling. Generally we found thiol couplings more ecient than amine couplings.
Antibodies were immobilized by amine coupling. For an immobilization yield of 1000 ± 2000 RU ligand, we had to couple about 10 000 ± 15 000 RU antibody. Typically 30 ml antibody at a concentration of 40 mg/ml was injected for 6 min in 0.02 M sodium acetate, pH 5.0. Antibodies were loaded with ligand by a 6 min injection of antigen at a concentration of 10 ± 50 mg/ml. Particularly when polyclonal antibodies were loaded with ligand, it could take several hours of washing until a stable base line was obtained.
T-ag, p53, the p180 and the p68 subunit of pol-prim and p180-containing complexes were immobilized by thiol coupling at pH 4 or lower. In addition, pol-prim complexes were immobilized by the monoclonal antibody SJK132-20 (Tanaka et al., 1982) or by direct absorption onto the sensor chip surface at pH 4. An unambiguous detection of proteinprotein interactions between RPA and p53 required coupling of the heterotrimeric RPA complex with antibodies elicited against either the p70 or the p11 subunit of RPA.
The binding buer used for all experiments contained 20 mM HEPES, 100 mM NaCl, and 0.005% P20, pH 7.5. Before use, 20 ± 200 ml analyte were pipetted onto the hydrophilic side of membrane ®lter VSWP, 0.025 mm (Millipore), which swam with its hydrophobic side on 15 ml of binding buer. Microdialysis was carried out for 60 min at 48C. Binding studies were usually performed with analyte concentrations of 1 ± 50 mg/ml, because at higher concentrations a considerable amount of protein bound nonspeci®cally to the sensor chip surface. Although we could correct for this eect, non-speci®c binding events decreased the signal-to-noise ratio and led to less well evaluable data. To correct for non-speci®c binding, one of the four¯ow cells (measuring cell) of the integrated m-¯uidic cartridge contained immobilized ligand while another one without ligand was taken as control cell. Signals obtained from the control cell were subtracted from that of the measuring cell. In the case of ligand immobilization via antibodies, the control cell contained antibody without loaded protein to correct for non-speci®c binding.
All binding experiments were performed at 258C with a constant¯ow rate of 5 ml/min. Data were collected at 1 Hz and analysed using the BIAEvaluation program 2.1 (BIAcore AB). After recording of the association and dissociation phase protein-protein contacts still remaining could be dissociated by injecting 0.1 M K 3 PO 4 , pH 12.5, for 60 s. Antibody-bound ligand was also removed by this treatment, however, after¯ushing the cells with neutral binding buer, the antibodies could be repeatedly re-loaded with antigen and used for further measurements. This treatment led to loss of immobilization yield of about 10% per regeneration cycle. Directly coupled oligomeric proteins could not be regenerated.
Other techniques
Protein concentrations were determined by the method of Bradford using bovine serum albumin as a standard (Bradford, 1976) . Antibodies were either puri®ed from hybridoma supernatants or rabbit serum with protein-Aagarose chromatography (Dianova, Hamburg). Antibodies were bound in the presence of 1 M sodium glycinate, pH 9, 3 M NaCl, and eluted with 0.2 M glycine, pH 2.8. The purity of the antibodies and the other proteins used as ligand or analyte was determined by gel electrophoresis through a denaturing 10% polyacrylamide gel to be better than 90%.
